ABBREVIATIONS BMI = body mass index; CPR = cardiopulmonary resuscitation; CPT = Current Procedural Terminology; CVA = cerebrovascular accident; DVT = deep venous thrombosis; GS = general surgery; ICD-9 = International Classification of Diseases, Ninth Revision; INR = international normalized ratio; LOS = length of hospital stay; MI = myocardial infarction; NS = neurosurgery; NSQIP = National Surgical Quality Improvement Program; OR = operating room; TIA = transient ischemic attack; VS = vascular surgery. the National Surgical Quality Improvement Program, a prospectively collected, national clinical database with established reproducibility and validity. Nine hundred forty-three patients were operated on by a neurosurgeon; 75,649 by a vascular surgeon; and 3734 by a general surgeon. Preoperative and intraoperative characteristics and 30-day outcomes were stratified by the surgeon's primary specialty. Using propensity scores, comprising pre-and intraoperative characteristics as well as procedure and diagnostic codes, the authors matched 203 neurosurgery (NS) patients to 203 vascular surgery (VS) patients and 203 NS patients to 203 general surgery (GS) patients. No pre-or intraoperative factors were significantly different between specialties in the matched sample. Regular logistic regression and conditional logistic regression were used to predict postoperative complications in the full sample and in the matched sample. RESULTS In the complete population sample, NS patients, when compared to patients of general and vascular surgeons, were less likely to be admitted from home and more likely to have carotid artery occlusion or stenosis with cerebral infarction, to be a current smoker, to have had recent chemo-or radiotherapy, to have surgery under general anesthesia, to undergo multiple procedures, and to have longer surgery times. In unadjusted analyses, NS patients were more likely to experience major complications (NS vs VS: odds ratio 1.3, 95% CI 1.1-1.6; NS vs GS: odds ratio 1.3, 95% CI 1.0-1.7); minor complications (NS vs VS: odds ratio 2.9, 95% CI 2.0-4.1; NS vs GS: odds ratio 2.7, 95% CI 1.7-4.2); intra-or postoperative transfusions (NS vs VS: odds ratio 1.6, 95% CI 1.4-1.9; NS vs GS: odds ratio 1.9, 95% CI 1.6-2.3); prolonged hospitalization (NS vs VS: odds ratio 3.0, 95% CI 2.6-3.5; NS vs GS: odds ratio 2.6, 95% CI 2.2-3.0); and discharge to skilled care facilities (NS vs VS: odds ratio 2.8, 95% CI 2.3-3.4; NS vs GS: odds ratio 3.1, 95% CI 2.4-4.1). In adjusted, propensity-matched analyses, however, patients' outcome with carotid endarterectomy performed by NS was comparable with those completed by GS and VS. CONCLUSIONS Patients who undergo carotid endarterectomy performed by a neurosurgeon tend to have a greater preoperative disease burden than do those treated by a general or vascular surgeon, which contributes significantly to more morbid postoperative courses. In patients matched carefully on the basis of health status at the time of surgery and intraoperative variables that affect results, patients' outcomes after carotid endarterectomy do not appear to depend on the attending surgeon's primary specialty.
N eurological, vascular, and general surgeons perform carotid endarterectomy. There are differences in training between the 3 specialties in the amount of exposure and scope of practice in general as well as with respect to carotid endarterectomy. Although several studies have looked at differences in outcomes between surgical specialty and carotid endarterectomy, each has suffered from significant limitations in design, which include small sample sizes, single-institution designs, and most importantly, failure to control for patient and intraoperative characteristics. 1, 12, 18, 19, 22, 30 The combination of these limitations and the studies' divergent findings have resulted in a murky picture. We used the National Surgical Quality Improvement Program (NSQIP) database, a prospectively collected, clinical database, with proven validity and reproducibility, 19, 21 to conduct a comparative effectiveness study to analyze 30-day outcomes and the incidence of perioperative complications after carotid endarterectomy performed by a neurosurgeon, vascular surgeon, and general surgeon. Our large sample size and meticulous methods for controlling patient and operative characteristics allow for a more complete understanding of outcomes.
Methods

Data Source
We used the American College of Surgeons' NSQIP database to identify patients who underwent carotid endarterectomy between 2006 and 2015. This database consists of prospectively collected, clinical data from 603 community and academic hospitals in the US. Data consist of 274 variables, including demographics, preoperative laboratory values, comorbidities, intraoperative characteristics, and postoperative morbidity and mortality at 30 days. Hospitals that participate in the NSQIP undergo annual audits of interrater reliability to ensure accurate data collection. The NSQIP is a high-quality, reliable database. 4, 21, 31, 33 
Subjects and Surgical Specialty
Each patient has one primary Current Procedural Terminology (CPT) code, and up to 10 secondary CPT codes. Patients were considered to have undergone carotid endarterectomy if they had a CPT code of 35301 (thromboendarterectomy procedures on arteries and veins) and an International Classification of Diseases, Ninth Revision (ICD-9) code of 433.10 (occlusion and stenosis of carotid artery without cerebral infarction) or 433.11 (occlusion and stenosis of carotid artery with cerebral infarction). We identified 80,475 patients who underwent carotid endarterectomy between 2006 and 2015 ( Fig. 1) . Exclusion criteria included patients with septic shock (n = 3), and preoperative transfusion (n = 146), features that dictate a distinct postoperative course. 5 Our study sample consists of 80,326 patients who underwent carotid endarterectomy. We stratified patients using the primary surgical specialty of the attending surgeon, with 943 (1.2%) patients operated on by a neurosurgeon, 75,649 (94.2%) by a vascular surgeon, and 3734 (4.6%) by a general surgeon.
Covariate Analysis
We analyzed all available pre-and intraoperative factors in NSQIP that could influence postoperative outcomes (Table 1) . 31 Patient age, body mass index (BMI), and surgi- cal duration were included as continuous variables. 31 We combined race categories into white versus all others. 31 We dichotomized transfer status as admitted from home versus transferred from any facility. We dichotomized functional status as independent versus partially or totally dependent. 31 We defined altered mental status as acute mental status changes and/or delirium at the time of surgery. We classified patients who had a history of transient ischemic attacks (TIAs) or cerebrovascular accident (CVA) with or without residual neurological deficits as having cerebrovascular comorbidities. Patients were considered to have cardiopulmonary comorbidities if they had any of the following: ventilator-assisted respiration during the 48 hours prior to surgery; congestive heart failure that was diagnosed or was symptomatic within 30 days prior to surgery; self-reported angina in the month leading up to surgery; myocardial infarction (MI) within the 6 months prior to surgery; any history of percutaneous coronary intervention, prior cardiac surgery, angioplasty, or revascularization procedure for atherosclerotic peripheral vascular disease; or were experiencing resting pain or gangrene.
Preoperative hemostatic screening laboratory values for blood drawn within 90 days of surgery were recorded in the NSQIP, and were considered abnormal using commonly accepted guidelines. 23 Renal comorbidities were defined as patients with renal disease or abnormal blood urea nitrogen or creatinine lab values. Cancer comorbidities were defined as patients with unintentional weight loss > 10% of body weight in the 6 months prior to surgery, disseminated cancer, or receiving chemotherapy or radiotherapy within 90 days of surgery. The NSQIP variable "bleeding disorders" captures self-reported history of abnormal bleeding, family history of bleeding disorders, vitamin K deficiency, and a comprehensive list of medications that pose a risk for bleeding abnormalities disorder. Patients with abnormal platelet count, abnormal preoperative international normalized ratio (INR), or bleeding disorders were considered to have bleeding risk factors. Anemia was defined as hematocrit < 36% and < 41% in women and men, respectively. Abnormal bilirubin, alkaline phosphatase, aspartate transaminase, or albumin was used to create the variable abnormal liver function tests. Data on some comorbidities were only available for the years 2006-2013. We used the presence of resident physicians during the operation as a surrogate marker for academic institutions. "Multiple CPT codes" captures patients who underwent more than one procedure and hence had more than one CPT code. Covariate methodology has been previously described elsewhere by the authors.
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Outcomes of Interest
Outcomes of interest (Table 2 ) were as follows: 1) length of hospital stay (LOS), as a continuous variable; 2) prolonged LOS, which we chose to define as postoperative hospitalization longer than the third quartile of the study population, which here was > 2 days; 3) minor postoperative complications defined as one or more of the following: superficial surgical site infection, urinary tract infection, deep venous thrombosis (DVT), or thrombophlebitis; 4) major postoperative complications defined as one or more of the following: deep incision surgical site infection, organ or space surgical site infection, or wound disruption; pneumonia, unplanned intubation, pulmonary embolism, or > 48-hour postoperative ventilator-assisted respiration; progressive renal insufficiency or acute renal failure; cardiovascular accident with neurological deficit, coma of > 24 hours, peripheral nerve injury, cardiac arrest requiring cardiopulmonary resuscitation (CPR), MI, graft, prosthesis or flap failure; sepsis or septic shock; and/or 30-day return to the operating room (OR); 5) any postopera- tive complication, defined as having one or more minor or major complication or an unplanned return to the OR; 6) discharged with continued care, defined as discharged to home with continued care or to a skilled or unskilled care facility but who had not been admitted from such a facility; 7) unplanned return to the OR within 30 days of surgery; 8) 30-day readmission, defined as readmission to hospital within 30 days of discharge; and 9) 30-day mortality, defined as death within 30 days after index surgery regardless of hospitalization status.
Statistical Analyses
We used standardized differences to compare preand intraoperative factors according to surgeon specialty (Table 1) . This is the ideal tool to assess intragroup differences in covariate balance because standardized differences are not affected by sample size, unlike significance tests such as Pearson's chi-square or Fisher's test, which generate p values. 6 This is important in matched analyses, where the invariably smaller sample size of the matched cohort may result in statistically insignificant p values that are falsely interpreted as improved covariate balance. 31 An absolute standardized difference of > 0.20 was considered statistically significant. 7 For example, we found that age, location admitted from, smoking status, cardiopulmonary comorbidities, renal comorbidities, chemo-or radiotherapy, length of surgery, presence of a resident in the OR, multiple CPT codes, and diagnosis were significantly different between neurosurgery (NS) and vascular surgery (VS) patients.
Given the nonrandomized design of this study, our best option to control for imbalance with regard to these covariates was to generate a propensity score that included all pre-and intraoperative characteristics that were significantly different between NS and VS patients, diagnostic code, and procedure performed. 6, 27 We used 1:1 greedy matching analyses 8, 26, 27 to match NS patients with VS patients according to their respective propensity score. In greedy matching, an NS patient is selected at random and matched to a VS patient whose propensity score is closest to that of the NS patient. 26 This process was used until all NS patients were matched to VS patients, and then was repeated with the other specialty comparisons. We successfully matched 203 NS patients to 203 VS patients to create our matched cohort. To ensure that covariate balance was achieved with propensity score matching, we compared baseline characteristics of patients in the matched cohort by using standardized difference. We no longer found any covariate imbalance. This same process was repeated to successfully match 203 NS patients to 203 general surgery (GS) patients, with no covariate imbalance following the match.
We used logistic regression analysis to assess whether surgical specialty was independently associated with adverse outcomes in the unmatched cohort (Table 3) . We used conditional logistic regression analysis to model the relationship between surgical subspecialty and adverse outcomes in the matched cohort.
6,11 SAS software (version 9.4, SAS Institute) was used. This study was approved by the University of Illinois at Chicago Institutional Review Board.
Results
Preoperative and intraoperative characteristics are listed in Table 1 according to surgical specialty. A number of pre-and intraoperative factors were significantly different between surgical subspecialties. Compared to both VS and GS patients, NS patients were significantly more likely to have occlusion and stenosis of the carotid artery with (as opposed to without) cerebral infarction (NS 29.8%, VS 6.6%, GS 5.7%). They were also more likely to have carotid endarterectomy performed under general anesthesia, to undergo multiple procedures, and to have longer surgery times. NS patients were less likely to be admitted from home and more likely to be current smok- 3 (1.1-1.6 Boldface type indicates statistically significant odds ratios. * See Table 2 for description of outcomes. † Logistic regression. ‡ Conditional logistic regression, which takes into account the matched nature of the analysis.
ers and to have had recent chemo-or radiotherapy. On the other hand, VS and GS patients more often had renal comorbidities and hypertension requiring medication(s). VS and GS patients were slightly older than NS patients (mean age 71 vs 69 years). Outcome frequency was compared between NS, VS, and GS patients ( Table 2 ). The mean length of hospitalization in NS patients was 4 days, versus 3 days in VS and 2 days in GS patients. Prolonged hospitalization, intra-or postoperative transfusions, complications, and need for continued care after discharge were more prevalent in NS patients. However, the rates of 30-day readmission, 30-day return to the OR, and 30-day mortality were similar or lower in NS patients than in VS and GS patients.
We matched 203 NS to 203 VS patients by using propensity scores (Table 4 ). There is no covariate imbalance with regard to pre-and intraoperative factors, preoperative diagnoses, or operative procedures between surgical specialties in the matched sample. Table 5 shows the frequencies of outcomes in the matched sample.
Using logistic regression in the general, unmatched cohort of 80,326 patients (Table 3) , we found that compared to VS and GS, the NS cohort had slightly increased odds for major complications and intra-or postoperative transfusions, and nearly 3 times the odds for minor complications, prolonged LOS, and discharge with continued care. We used conditional logistic regression to assess the relationship between surgical specialty and each outcome of interest in the matched cohort. Once matched for pre-and intraoperative characteristics, there was no difference in outcomes between NS, VS, and GS patients. Sensitivity analyses were done separating patients who presented with preoperative TIA or CVA. This did not change our results (data not shown).
Discussion
The NSQIP database is a large, clinical, prospectively collected database, with data collected from more than 600 hospitals from around the US to conduct a comparative effectiveness study of patients undergoing carotid endarterectomy. In our analysis of more than 80,000 patients, NS patients were more likely than VS and GS patients to undergo endarterectomy for occlusion and stenosis of the carotid artery with cerebral infarction, to have surgery with general anesthesia, to undergo multiple procedures, and to have longer surgery times. In the full population, NS patients had increased odds of complications, transfusions, prolonged LOS, and discharge with continued care. In the propensity-matched sample, which controlled for baseline and intraoperative patient factors, no differences in outcomes were found.
In the Context of the Literature
Rates of postoperative outcomes found in this study were similar to 30-day outcomes of large prospective clinical trials. 9, 14, 25, 28 Other studies have compared outcomes of carotid endarterectomy between various specialties including NS, VS, GS, and cardiothoracic surgery, but they have reported contrasting results. Several have suggested that patients treated with VS have lower rates of adverse events compared with other specialties, 1, 12, 17, 18, 29, 32 and that patients who undergo NS have increased durations of operations and hospital stays. 22, 24, 29 Others claim that although morbidity rates differ, mortality rates do not; 1, 12, 18, 22 still others claim no differences in morbidity and mortality altogether. 10, 16, 20 These studies have been limited by small sample sizes and single-institution designs, but most importantly, they have not controlled for patient characteristics, surgical procedures, and intraoperative characteristics. No study has performed matched analyses that allow for direct comparison of NS, GS, and VS patients with equivalent diagnoses, equivalent procedures, and analogous baseline and intraoperative characteristics.
Two prior studies used the NSQIP database: Enomoto et al. studied 34,493 operations performed by vascular and general surgeons, and Lieber et al. studied 42,369 operations performed by neurosurgeons, vascular surgeons, general surgeons, and cardiothoracic surgeons.
12,22 Enomoto et al. did conduct propensity score-matched analyses and concluded that after controlling for patient and surgical characteristics, there was no difference in LOS or mortality rates between VS and GS, but that GS had lower risks of MI and VS had lower risks of stroke and infection. 12 Unlike Enomoto et al., Lieber et al. included NS patients in their analysis and found that whereas mortality rates were not significantly different between specialties, NS patients had significantly greater rates of venous thromboembolism and postoperative requirement for ventilator-assisted respiration > 48 hours. 12, 22 Our study, by ensuring covariate balance and controlling for the increased preoperative morbidity of NS patients, found that these differencesand, in fact, all differences-in outcomes lost significance after the matching process. With the largest sample size by far and with the most controlled data analyses, our study allows for a more accurate understanding of outcomes after carotid endarterectomy.
Various studies are in disagreement and show controversy as to the effect that surgeon and hospital volume could have on carotid endarterectomy outcomes. 2, 29, 30, 34 Also, there is disagreement about methodological approaches to assess the relationship between volume and outcomes. 15 There are no data on hospital and surgeon volume available in the NSQIP. Several studies suggest that volume is a stronger predictor of patient outcomes than surgical specialty. 1, 10, 13, 29 The NSQIP, however, does not contain any institutional identifiers, including data to show which patients underwent operation at the same institution or by the same surgeon. We used resident presence during surgery as a surrogate for academic institutions.
Clinical Implications
In the current analysis of more than 80,000 patients in whom carotid endarterectomy was performed by neurosurgeons, vascular surgeons, and general surgeons, we found significant differences in outcomes, with neurosurgeons having slightly increased odds for major complications and intra-or postoperative transfusions, and nearly 3 times the odds for minor complications, prolonged LOS, and discharge with continued care. However, NS patients tend to have a greater disease burden at the time of surgery, including occlusion and stenosis of the carotid artery with cerebral infarction, having to undergo multiple procedures, and having longer surgery times compared with GS or VS patients, and this contributed significantly to the more morbid postoperative courses. In equally healthy patients, matched carefully on the basis of significant preoperative characteristics and morbidities, the outcome of carotid endarterectomy does not appear to depend on surgical specialty. Once the patients were accurately paired based on preoperative characteristics, diagnosis, and the primary procedure that was performed, there remained 203 pairs of patients in the NS and VS matched group and 203 pairs of patients in the NS and GS matched group. Additional analyses (Table 3) showed no change in length of hospitalization, frequency of complications, discharge with continued care, return to the OR, readmission, or mortality within 30 days between different surgical specialties. These findings, which represent a broad range of demographic features, preoperative variables, baseline comorbidities, and intraoperative factors, suggest no differences in outcomes for patients who undergo carotid endarterectomies performed by neurosurgeons, vascular surgeons, or general surgeons.
Limitations of the Study
Although the NSQIP collects clinical data prospectively from more than 600 institutions across the US, this is a retrospective analysis. Thus it is not possible to definitively confirm a cause-and-effect relationship between surgical specialty and the outcomes measured. Given the nature of the study, there are potential preoperative variables of interest, including degree of stenosis and symptomatic versus asymptomatic stenosis, that are not available. This is not a randomized study; thus, despite matching on propensity scores, it is not possible to rule out the hypothesis that NS, VS, and GS patients are different from each other with regard to preoperative factors of which we are not aware. We investigated short-term, 30-day postoperative outcomes only; caution should be used to extrapolate beyond this time frame.
Classification of the surgical specialty as NS, VS, or GS was based on the specialty of the attending surgeon. It does not account for fellowship training or experience as a surgeon, which may influence outcomes.
3 Thus, it was not possible to determine whether outcomes differ between general surgeons, vascular surgeons, fellowship-trained cerebrovascular neurosurgeons, and general neurosurgeons.
CPT codes are an imperfect way to capture the exact details of each surgery-rather, they are useful in quantifying the general nature of the procedures performed. For example, there are no data available on intraoperative use of vascular shunts versus no shunts or use of a vascular patch. However, matching patients on both CPT procedure codes and ICD-9 diagnosis codes to analogous patients by surgeon specialty, we have been able to accurately and reliably identify any adverse outcomes in either group (Table  3) . The NSQIP database consists of prospectively collected data from both academic and nonacademic hospitals across the country. NSQIP data collection is conducted accurately and precisely, in a standardized fashion, with yearly quality checks that achieve > 95% reliability for 30-day outcomes in NS, VS, and GS patients after carotid endarterectomy across a wide spectrum of perioperative variables and postoperative outcomes.
Conclusions
We compared 30-day outcomes in patients undergoing carotid endarterectomy between patients operated on by neurosurgeons, vascular surgeons, and general surgeons. In the unmatched cohort, NS patients were more likely than VS and GS patients to undergo endarterectomy for occlusion and stenosis of the carotid artery with cerebral infarct, to have surgery with general anesthesia, to undergo multiple procedures, and to have longer duration of surgery (Table 1) . NS patients in the full sample also had slightly increased odds for major complications and transfusions, and nearly 3 times the odds for minor complications, prolonged LOS, and discharge with continued care. However, in the propensity-matched analyses, which controlled carefully for diagnosis and operation as well as baseline and intraoperative patient factors, no differences in outcomes were found. Using a large, prospectively collected, multiinstitutional sample database, our analysis suggests that surgeon specialty is not associated with complications, LOS, discharge with continued care, return to the OR, 30-day readmission, or death.
